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Up  to  the  early  I960* s,  n.uid  jets  Hero  primarily  controlled 
end  vectored  by  mechanical  systems.  Those  systems  were  and  still  are 
coanlox,  he avy ,  and  difficult  to  adapt  to  either  high  temperature  en¬ 
vironments  such  at  exist  in  rocket  exhausts,  or  low  temperature  en¬ 
vironments  such  m  exist  in  apace.  Mechanical  systems  also  bacoao 
unreliable  in  extrema  environments  and  require  costly  and  heavy  backup 
systems  to  insure  consistent  oporation.  These  difficulties  have 
caused  interest  in  pure  fluid  control  systems.  Two  types  of  pure 
fluid  control  devices  being  investigated  today  are  the  turbulence 
inducer  and  the  wall  attachment  (coanda-effect)  nozzle.  The  latter 
device  has  demonstrated  its  superiority  over  the  turbulence  inducer  in 
vectoring  (switching)  a  fluid  and  it  is  a  modification  of  this  device 
'that  is  discussed  in  this  paper.  The  Coanda-Kffect  nosale  ao  a  device 
n  will  eh  a  two-dimensional  fluid  stream  is  thrust  vectored  (switched) 
by  injecting  a  secondary  fluid  perpendicular  to  it. 

The  purpose  of  this  experimental  study  was  to  determine  the  ef¬ 
fect  of  parallel  Injection  of  a  secondary  fluid  jet  on  the  thrust 
vectoring  of  a  two-dimensional  fluid  in  a  ooanda  notale.  Sossle 
geometries  similar  to  those  used  by  KLsby  (Ref  9)  and  Opfell  (Ref  20) 
wr*  explored  in  order  that  a  comparison  could  be  made  between  the 
parallel  and  perpendicular  secondary  injection  technique.  Major  con¬ 
sideration  was  given  to  supersonic  (C&oked  flow)  operation  of  the 
nossloj  however,  some  data  on  subsonic  operation  of  the  noszle  is 
presentad.  The  notation  used  In  tide  report  and  the  non-dimension- 
’ *-'•  on  orocoduro  followed  have,  wherever  possible,  been  made 
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Aba tract 

An  experimental  investigation  was  performed  to  determine  tha 
affact  of  parallal  injection  of  a  secondary  fluid  on  a  two -dimensional 
coanda-offact  nossla  used  as  a  thrust  sectoring  (jet-switching) 
device.  Tha  affact  of  leakage  in  the  vortex  area  of  a  conventional 
coanda-effect  nossla  utilising  perpendicular  secondary  injection  was 
also  determined.  The  coanda-effect  nossla  used  in  the  inveetigation 
had  a  wall  divergence  half  angle  of  10°  and  a  setback  ratio  that 
varied  from  U  to  7.  Pressure  ratios  investigated  varied  from  1.63 
to  3.39.  Successful  thrust  vectoring  was  accomplished  within  the 
above  limits  of  setback  and  pressure  ratios. 

The  injection  oi'  secondary  fluid  parallel  to  the  centerline  of 
the  nossla  caused  the  primary  jet  to  deflect  toward  the  secondary  jet 
and  to  attach  to  the  nossle  sidewall  nearest  the  secondary  Jet.  A 
1  to  10  decibel  drop  in  the  overall  noise  level  resulted  when  the 
parallal  secondary  fluid  was  injected  into  the  nossle. 

Attachment  of  the  primary  jet  to  the  nasals  was  stable  and  was 
sustained  by  "ooenda-effeot"  flow  in  tha  separation  region  formed 
between  the  primary  jet  and  tha  well  after  secondary  injection  was 
discontinued.  The  wall  attaehnant  point  waa  insensitive  to  increases 
in  pressure  ratio)  however,  the  attaehnant  point  moved  downstream 
along  the  nossle  wall  as  sttbaek  ratio  inereasod  from  U  to  7.  The 
amount  of  secondary  mass  flow  needed  to  switch  the  primary  fluid  jet 
increased  with  increasing  setbaok  ratio  and  with  increasing  pressure 
ratio.  Lateral  thrust  increased  with  increasing  setback  ratio  and 
decreased  with  increasing  pressure  ratio.  The  mart  mum  lateral  thrust 
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for  tho  adniaun  secondary  injection  flow  occurred  bo  twin  a  setback 
ratio  of  U  and  $.  lha  tiae  roqoirod  for  tho  primary  fluid  jot  to 
switch  froa  ono  nosilo  wall  to  tho  othor  was  found  to  bo  .001  seconds. 

Interferometer  and  Sohlioron  photographs  of  tho  thrust  factoring 
phenoBNna  that  occurred  throughout  the  investigated  setback  and  pros* 
sure  ratio  range  are  included  in  the  report. 
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THE  USB  OF  A  CQAHDA  NOZZLE  WITH 
PARALLEL  SECOMDART  INJECTION  FOR  THE  THRUST 
VECTORING  OF  A  TWO-DIMENSIONAL  CCMPRESSIELE  FLUID 

I.  Introduction 
The  Coanda-Effect  -  Background 

In  1933,  Henri  Coanda,  a  Rumanian  engineer  working  in  Franoe, 
observed  that  if  a  well  was  placed  near  a  fluid  exiting  from  an 
orifice,  the  fluid  would  attach  to  the  wall.  Thia  effect  can  be 
explained  as  follows.  When  a  fluid  jet  with  a  turbulent  boundary 
exits  into  an  aabient  fluid  which  has  an  equal  or  lower  viscosity, 
the  turbulent  boundary  entrains  fluid  fron  the  ambient  fluid  field. 
Normally  the  entrained  fluid  is  replaoed  from  the  surroundings  and 
the  only  notloeable  effeot  that  ean  be  observed  is  the  spreading  of 
the  exiting  fluid  jet.  low  if  a  well  is  plaoed  near  ths  exiting  jet, 
the  fluid  cannot  be  replaoed  froa  the  surroundings  because  the  wall 
"blocks  off  the  replacing  fluid.  Since  fluid  is  still  being  en¬ 
trained  by  the  jet,  the  pressure  in  the  region  between  ths  jet  and 
the  wall  decreases  and  eventually  the  pressure  differential  aoross 
the  fluid  jet  censes  the  jet  to  nova  towards  the  wall.  If  the  wall 
is  long  enough,  the  jet  will  attach  to  it,  forming  a  vortex,  and 
assuming  a  stable  position.  The  stability  of  the  attached  jet  is 
explained  by  the  fact  that  the  portion  of  ths  fluid  turned  beck  at 
ths  attachment  point  is  just  enough  to  satisfy  the  entrainment  re¬ 
quirements  of  the  boundary  of  the  jet  that  is  facing  the  wall.  This 
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wall  attach— at  phenomena  la  termed  the  "Coanda-Effect"  and  la  il¬ 
lustrated  In  Fig.  la. 

Coanda-Effect  Bossies  -  Previous  Work 

Since  It  la  difficult  and  mechani call j  complex  to  construct 
variable  geometry  nos alas,  that  la,  to  provida  for  movement  of  tha 
wall  In  tha  vicinity  of  tha  jot,  a  method  was  needed  to  deflect  the 
main  jet  near  tha  wall.  The  first  person  to  efficiently  accomplish 
this  was  Mr.  B.  H.  Horton  of  the  U.S.  Army's  Harry  Diamond  Labora¬ 
tories  in  1958.  The  primary  jet  was  deflected  by  injecting  a  second¬ 
ary  fluid  perpendicular  to  it,  making  use  of  momentum  transfer  effects. 
This  was  the  first  true  purely  fluid  control  device  and  was  called  a 
"Coanda-Effect  Bossle",  Fig.  lb.  Application  of  Coanda-Effect  Bossies 
Includes  fluid  amplifiers,  digital  counters,  missile  steering,  jet 
engine  cantrole,  analog  Integra  tore,  flow  divertors,  turning  rate 
sensors,  and  aircraft  flight  controls. 

In  I960  Bourque  and  lawman  (Baf  5)  developed  a  mathematical  model 
for  a  two-dimensional  ooanda-effeot  nosale  using  an  incompressible 
fluid  jet.  A  method  for  detendnlng  the  mean  pressure  in  the  separa¬ 
tion-bubble  and  the  jet  attachment  point  was  formula t-u.  Also  in 
I960,  Sawyer  (Bet  22)  completed  an  experimental  study  using  an  in- 
oompressibla  fluid  smiting  from  a  two-dimensional  oosnda-effset 
nossls.  Sawyer's  work  indicated  that  tha  jet  spread  coefficient  was 

a  function  of  tha  ourvature  of  the  jet  and  that  tha  values  for  the 

* 

jot  attachment  point  end  the  mean  separation-bubble  pressure  predicted 
by  Dourque  sad  Bemoan  were  oorreot.  Both  Bourque  and  Bewssn  and 
Sawyer  baaed  their  work  on  a  method  developed  by  Dodds  (Baf  8). 
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Olson  (Ref  19),  in  1962,  developed  a  theory  for  the  prediction  of  the 
attachment  point  and  the  mean  separation-bubble  pressure  of  a  two- 
dimensional  compressible  jet  exiting  adjacent  to  a  flat  plate.  The 
model  of  the  flow  proposed  by  Olson  took  into  account  the  curvature 
of  the  fluid  jet.  In  a  comment-  on  this  article,  by  A.  E.  Mitchell, 
it  is  pointed  out  that  although  the  Dodds',  et  al,  method  of  deter¬ 
mining  attachment  point  and  separation-bubble  pressure  was  based  on 
an  incompressible  analysis,  it  agreed  closely  enough  (especially  at 
low  mach  numbers)  with  Olson's  work  so  that  it  could  be  used.  Also 
pointed  out  in  this  article  is  the  fact  that  Dodds'  method  contains 
less  empirical  parameters  than  Olson's  method,  and  therefore  it  af¬ 
fords  a  much  more  direct  means  of  determining  attachment  point  and 
mean  separation-bubble  pressure. 

All  the  work  done  by  the  above  investigators  was  done  on  rela¬ 
tively  small  scale  coanda  nos ales.  In  1963  Klsby  (Ref  9)  of  the  Air 
Force  Institute  of  Technology  performed  an  experimental  study  on 
relatively  large  scale  ohoked-flow,  two-dimensional,  coan da-effect 
nosslee  with  perpendicular,  high  velocity  injection  of  the  secondary 
.luid.  It  was  found  that  thrust  vectoring  could  be  acooeplished  in 
this  type  of  noszle  by  injection  of  the  secondary  fluid  into  the 
separation-bubble.  3m  injection  destroyed  the  low  pressure  region 
in  the  separation- bubble  causing  the  main  jet  to  move  away  from  the 
attached  wall  towards  a  centered  position.  Further  injection  deflected 
the  main  jet  towards  the  opposite  wall  where  it  attached  and  remained 
after  the  secondary  injector  flow  was  discontinued.  Opfell  (Ref  20), 
also  at  the  Air  Force  Institute  of  Technology,  extended  this  work  in 
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1961*.  lhis  investigation  was  primarily  concerned  with  subsonic  flow 
in  a  two-dimensional  coanda-effect  nozzle  and  included  the  perpendie- 
ular  injection  of  both  high  velocity  and  low  velocity  secondary  fluid. 
It  was  concluded  that  there  were  two  distinct  nodes  of  switching. 

The  first  mode  was  the  one  reported  by  Elsby,  et  al,  that  is,  that 
injection  into  the  separation-bubble  caused  the  jet  to  switch  to  the 
opposite  wall.  The  second  mode  of  switching  was  caused  by  the  per¬ 
pendicular  injection  of  secondary  fluid  from  the  wall  opposite  to  the 
wall  where  the  main  jet  was  attached.  In  this  case,  entrainment  was 
set  up  in  the  region  between  the  secondary  jet  and  the  main  jet, 
lowering  the  pressure  and  eventually  causing  a  large  enough  pressure 
differential  across  the  jet  to  allow  it  to  break  away  free  the  at¬ 
tached  wall,  overcome  the  adverse  momentum  effects  imposed  on  it  by 
the  secondary  fluid  stream,  and  attach  to  the  wall  from  which  the 
secondary  fluid  was  issuing.  This  "attraction"  switching  suggested 
an  alternate  approach  in  the  thrust  vectoring  of  a  fluid  through  use 
of  a  coanda  nozzle,  then  the  one  initially  proposed  by  B.  W.  Horton. 
GpfsU  also  pointed  out  that  the  pure  momentum  model  of  jot  switching 
was  in  arror  and  that  a  now  nodol,  which  was  callsd  the  entrainment 
model,  should  bo  investigated  to  aoeount  for  both  the  momentum  and 
entrainment  effects  encountered  during  the  thrust  vectoring  process. 

The  Problem 

The  model  of  the  coanda-effect  nossls  that  Opfell  used  st  the 
time  "attraction11  switching  occurred  was  detrimental  to  the  switch 
because  the  perpendicular  "attraction"  jet  set  up  momentum  transfer 
and  pressure  differential  forces  that  acted  ±n  a  direction  opposite 
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to  the  notion  of  the  switching  primary  jet.  The  no* tie  used  by  Opfell 
also  reouired  large  secondary  mass  flows  to  execute  the  "attraction" 
switch  and  was  not  able  to  consistently  switch  the  jet  when  operating 
under  "attraction"  conditions.  For  these  reasons,  it  was  decided  to 
redesign  the  nozzle  so  that  the  adverse  momentum  and  pressure  differ¬ 
ential  characteristics  would  be  eliminated,  and  so  that  jet  switching 
could  be  consistently  demonstrated  during  subsonic  and  supersonic 
flow  of  the  primary  fluid.  A  comparison  between  the  parallel  injector 
coanda-ef feet  nozzle  and  the  coanda-effect  nozzles  used  by  both  ELsby 
and  Opfell  was  desirable  and,  therefore,  the  variable  geometry  aspect 
of  these  nozzles  was  retained.  The  redesigned  nozzle  was  then  tested 
to  obtain  basic  information  on  the  ability  of  the  nozzle  to  thrust 
vector  a  supersonic  two-dimensional  compressible  fluid. 

In  both  Eleby's  and  Opfell' s  work  leakage  of  the  nozzle  in  the 
vicinity  of  the  junction  of  the  converging  and  diverging  sections  of 
the  nozzle  was  listed  as  a  source  of  experimental  error.  It  was  de¬ 
cided  as  a  secondary  problem  to  devize  a  way  of  sealing  these  coanda 
nozzles  and  thus,  to  qualitatively  determine  the  effect  leakage  had 
on  the  results.  The  sealing  technique  discovered  in  this  part  of  the 
Investigation  waii  incorporated  into  the  redesigned  nozzle  used  in  the 
latter  part  of  the  study. 

Assumptions 

The  primary  and  secondary  jets  were  assumed  to  be  two-dimensional 
for  this  study.  As  can  be  seen  in  Fig.  k,  page  lh,  the  main  jet  exit¬ 
ing  from  ;he  redesigned  coanda-effect  nozzle  is  indeed  two-dimensional; 
however,  the  secondary  fluid  streams  exiting  from  the  injectors  drilled 
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in  the  diverging  base  blocks  of  the  nozzle  are  not  two-dimensional. 

The  secondary  jets  were  assumed  to  be  two-dimensional  because  of  the 
nearness  of  the  walls  of  the  testing  chamber  to  the  issuing  jets  as 
compared  to  the  distance  between  the  sidewall  of  the  nozzle  and  the 
centerline  of  the  primary  jet  stream.  The  boundary  layer  buildup  on 
the  glass  walls  of  the  testing  chamber  was  assumed  to  be  negligible. 
Gravitational  effects  were  neglected  since  the  coanda-effect  nozzle 
was  mounted  vertically  on  the  test  stand. 

Objectives  and  Criteria 

Hie  primary  objective  of  this  experimental  study  was  to  deter¬ 
mine  the  effect  of  parallel  injection  of  a  secondary  fluid  on  a 
coanda  nozzle  used  as  a  device  for  thrust  vectoring  a  two-dim&noiynal 
compressible  fluid.  A  secondary  objective  was  to  compare  the  parallel 
injection  coanda  nozzle  with  a  conventional  (perpendicular  injection) 
coanda  nozzle.  The  definition  of  optimum  conditions  under  which 
thrust  vectoring  occurred  in  the  parallel  injection  nozzle  was  also 
desired.  Successful  thrust  vectoring  in  the  test  nozzle  was  con¬ 
sidered  to  occur  when  the  attached  Min  jet  could  be  made  to  switch 
and  attach  to  the  opposite  wall  as  a  result  of  injection  of  the 
secondary  fluid.  Optima  conditions  for  thrust  vectoring  were  con¬ 
sidered  to  exist  when  a  mxI  mum  lateral  thrust  force  wss  obtained 
with  a  minimum  secondary  fluid  flow  rate. 

Scope 

Due  to  the  comparison  desired  between  the  parallel  injector 
coanda  nozzle  and  the  conventional  nozzle  used  by  ELaby,  it  was 
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decided  to  restrict  the  investigation  to  the  optimum  switching  con¬ 
ditions  suggested  by  KLsby's  data.  After  a  study  of  Klsby's  work  was 
made  and  after  reviewing  the  divergence  angles  commonly  used  in  the 
diverging  sections  of  fluid  flow  devices,  it  was  decided  that  the 
design  conditions  were  to  be:  Divergence  angLe  (  0  )  equal  to  10°j 
setback  ratio  (d/b)  equal  to  It  through  7)  and  a  nozzle  pressure  ratio, 
that  is  the  ratio  of  the  total  pressure  in  the  nozzle  stagnation 
chamber  to  the  ambient  pressure  (Po/Pa),  that  yielded  primary  flow 
Mach  numbers  in  the  low  supersonic  range.  The  basic  geometric  param¬ 
eters  of  the  nozzle  are  defined  in  Pig.  2. 

Thrust  vectoring  phenomena  and  the  geometry  of  the  flow  were 
observed  with  photographic  and  pressure  sensing  techniques.  Schlleren 
and  Interferometer  optical  systems  were  used  for  the  photographic 
analysis  while  ststio  pressures  takan  at  specified  points  along  tha 
nosale  sidewall  ware  used  for  the  determination  of  attachment  point 
and  lateral  thrust  Measurement. 
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II.  jPP4T>t W 


Design  OgudjgittcM 

The  Coanda-Kffect  Bos  tie  nud  in  this  •tody  was  a  modification 
of  the  nos  ala  used  by  KLsby  (Baf  9).  Tha  main  modification  to  tha 
nosslo  conalstad  of  tha  design  of  a  pair  of  parallel  injectors  in 
accordance  with  criteria  raoenmandad  by  Burtra'  (Baf  U*383)>  and 
installation  of  thaaa  injsctors  into  tha  diverging  section  of  tha 
nossla.  One  vail  of  tha  diverging  section  of  tha  nasals  was  also 
modi  fled  to  acooanodata  lU  instead  of  the  9  static  pres  sore  taps 
previously  installed  in  it.  Oaring  the  modification,  reded  yi,  and 
manufacture,  axtrnaa  oara  was  taken  to  oonserre  tha  original  dimon- 
oiona  of  tha  aoeala.  Bda  was  dona  so  that  a  basis  of  eoapariaon 


would  exist  between  tha  rooolts  obtained  with  the  parallel  injector 
ooaada-affaot  noeslo  tad  those  obtolaad  s&th  tha  nasals  need  by  KUfcy. 
As  applicable  physloal  paramatara  of  BLaby'a  nosslo  are  listod  be¬ 
low  for  tha  ooasaa&anoa  of  tha  raadort 
9  •  10® 

d/b  •  variable  iron  U  to  7 


*  0.12$  sq.  is. 
L  ■  U.dO  in. 


iaaonbly  and  Bailing  of  Bootle 

Tha  ooapenanta  of  As  ooanda-affoct  nosilo,  that  is,  tha  con¬ 
verging  blocks  and  tha  cl  detail  blocks,  vara  machined  from  %  inch 
brass  stock. 

Tho  circular  base  plate  of  tha  tost  section  was  machined  trm 
inch  alnainnm  stock  and  had  a  diet  eat  in  its  oenter.  Two  frames 


10 


QAM  6£A/ME/65-7 


wore  mounted  on  ths  but  plate  adjacent  to  the  slot  and  parallel  to 
the  long  side  of  the  slot.  These  frames  were  held  In  position  by 
Allenhead  bolts  inserted  fron  beneath  the  base  plate  and  into  holes 
tapped  in  the  botton  of  the  frames.  Fondca  cement  was  placed  be¬ 
tween  the  base  plate  and  the  botton  of  the  frame  to  insure  an  air¬ 
tight  seal.  The  converging  blocks  of  the  nos  ale  were  then  inserted 
between  the  walls  formed  by  the  frames  and  into  the  slot  cr.t  in  the 
bju.3  plate.  These  blocks  were  held  in  position  by  four  bolts  which 
fitted  through  holes  drilled  in  both  the  blocks  and  the  frame.  The 
horizontal  surface  of  the  convergent  block  had  a  keyway  cut  into  it 
to  accept  a  key-tab  in  the  base  of  the  diverging  section  of  the 
noizle,  a  threaded  hole  was  also  tapped  in  each  hlock  below  the  key- 
way  so  that  the  traversing  assembly  bolt  oould  be  accommodated. 

In  assembling  the  apparatus,  a  thin  layer  of  fornioa  o meant  was 
brushed  into  the  keyway  of  the  converging  section  and  the  diverging 
blocks  were  mated  to  It  and  positioned  at  a  specific  setback  ratio 
(d/b).  low  the  sides  of  the  converging  and  diverging  bloaks  that 
would  contact  the  glass  walls  of  the  test  section  were  coated  with  a 
thin  layer  of  formica  oenent.  The  glass  walls  with  their  aluminum 
supporting  rings  wars  than  belted  to  the  two  supporting  frames  and 
tha  oemant  was  allowed  to  dry.  khai  the  formica  oamant  ras  fully 
cured,  a  thin  flaxibla  film  existed  between  tbs  glass  wall  of  tha 
taat  aaction  and  tha  braaa  blocks,  thus  forming  a  laakproof  gaakat. 

The  an  tiro  aa  stably  wet  than  attached  to  the  settling  chamber  by  bolts 
inserted  through  tha  holes  drilled  in  tha  base  plate  and  into  tha 
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tapped  holes  in  the  settling  chamber  eep.  Figures  3  and  k  aho*r  the 
noeale  cosponants  in  various  stages  of  assembly. 

Bach  wall  of  the  converging  section  of  the  coanda  nozzle  had  a 
30°  convergence  angle  and  had  an  injector  inserted  in  its  horizontal 
surface  at  throat  exit  plane.  These  injectors  were  constructed  so 
that  the  flow  exiting  froo  then  would  be  parallel  to  the  primary  Jet 
flow.  The  diverging  walls  had  a  divergence  angle  of  10°.  There  were 
9  static  pressure  taps  in  one  wall  of  the  diverging  section  and  lii 
static  pressure  taps  in  the  other  wall  of  the  diverging  section. 
Stainless  steel  tubes  were  inserted  in  each  of  the  23  static  pressure 
taps.  These  tubes  were  sealed  and  cenented  in  plaoe  with  Epoxy  resin. 
The  detail  drawing  of  the  eodified  coanda-effect  nozzle  can  be  found 
in  Appendix  C. 

Held  Supply  Srs ten 

nr,  oil-free  air  was  supplied  by  tee  electrically  driven  ccn- 
preesore.  The  larger  eoapreeeer  which  provided  air  at  a  naxlena  line 
gauge  pressure  ef  93  pel  was  meed  ae  a  souroe  of  air  for  the  prieary 
flew.  The  eeoondary  injection  air  waa  provided  by  a  enaller  eoepreee- 
or  which  supplied  sir  et  a  uudwm  line  pressure  of  60  pel.  Full 
flew  regulation  ef  both  ef  the  air  supplies  wee  obtained  by  diverting 
excess  air  to  an  exterior  exhaust.  This  procedure  provided  a  nearly 
steagy  ease  flow  rato  for  oaeh  experimental  condition.  The  total 
prefsure  in  the  noasle  settling  ohaaber  waa  regulated  by  a  set  of 
hsiwd  operated  valves  connected  in  parallel  upetreaa  of  the  settling 
chamber.  S  condary  injection  sir  waa  regelated  with  one  quick-acting 
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valv*  1  oca  tad  upstream  of  two  si^>le  on-off  flow  valvea.  A  schama tie 
representation  of  the  fluid  supply  *7* tan  is  shown  in  Tig,  5. 

Instrumentation 

The  stagnation  flow  temperatures  were  measured  using  a  potenti¬ 
ometer  connected  to  copper-cons tantan  thermocouples  located  in  the 
flowmeter  pipes  upstream  of  the  measuring  device.  The  thermocouples 
were  installed  in  accordance  with  ASKS  standards.  The  mass  flow 
rates  of  both  the  primary  end  secondary  sir  streams  were  determined 
by  a  method  reported  in  the  l?6l  ASMS  flowmeter  Computation  Handbook 
(Ref  1).  A  1.0$  inch  diameter  sharp  edged  orifice  with  flange  tape 
installed  in  a  2  inch  diameter  sehedule-JiO  pipe  mas  used  to  measure 
the  flow  rate  of  the  primary  air,  while  a  .500  inch  diameter  sharp- 
edged  orifice  with  flange  tape  installed  in  e  2  inch  diameter  schedole- 
pipe  was  need  to  measure  secondary  air  flow  rate.  Both  the  flow¬ 
meter*  need  in  the  test  ware  installed  la  aeoordanoo  with  the  stand¬ 
ards  listed  in  Bsf  2. 

The  primary  fluid  pressure  upstream  of  the  orifioe  was  measured 
with  e  0  to  200  inoh  maroary  dial  manometer  graduated  in  1  inch  in¬ 
crements.  The  secondary  fluid  pressure  upstream  of  the  orifice  was 
measured  with  a  0-100  pal  gangs  graduated  in  sms  pel  Increments.  The 
pressure  drop  aoroes  both  the  primary  flew  erifloo  and  the  aaeondary 
flow  orifice  was  nsaeurad  with  a  30  inch  water  filled  0-tube  manometer 
connected  to  flengs  taps.  The  nossle  stagnation  pressure  was  measured 
with  a  0-200  inch  mercury  dial  manometer  graduated  in  1  inch  incre¬ 
ments.  This  nanometer  was  connected  to  a  static  pressor*  port  lo¬ 
cated  in  the  wall  of  the  settling  chamber.  The  difference  between 
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til*  total  and  atatio  praaaura  — aaorad  in  tha  settling  ohanber  was 
naglactad  becausa  tha  araa  ratio  of  tha  aattllnc  chanher  to  tha 
noasla  throat  was  nora  than  U00  to  1.  Tha  atatic  praaaora  on  tha 
diverging  walla  of  tha  noasla  was  naaanrad  using  twenty- throe,  30 
inch,  U-tuba,  aarcury  nanonetara,  Tha  atatic  praaaora  taps  ware  con¬ 
nected  to  tha  nanonetara  through  3/32  inch  atainlaaa  steal  and  \  inch 
plastic  toting. 

Optical  gquipnant 

A  Kach-Zandar  type  interferonater  (fig.  6)  was  used  as  tha  pri¬ 
mary  optical  systan  for  viewing  throat  vectoring  phan pawns  which  oc¬ 
curred  In  tha  parallel  injector  ooanda  noasla.  A  oowtjnaooa  aooroe 
tirconiua  arc  lanp  with  a  wave  length  of  approxiwatsly  $b6 0  angatron 
units  was  used  as  the  light  soorca  far  the  interferometer.  The  reader 
is  referred  to  B»f  1$  for  a  aaap1  ate  description  of  this  type  of  inter- 
f  arena  tar.  The  lntarfar  outer  was  aanvarta  i  te  a  achllaran  optical 
systan  by  Inserting  a  flees  of  pasteboard  in  fraud  u  tha  oonbining 
apUttar,  so  that  tha  11  #t  net  penal  n  three#  tha  teat  section  was 
oonpleteay  bloohad  off,  and  Inaarttig  «  taAfb  adga  at  ha  focal  point 
of  tha  ligd  bean  ahead  of  tha  visaing  paint.  (Motion  of  tha  knife 
edge  la  tha  above  prooadnro  converted  tha  istarfaronater  into  a 
shadowgraph  davloa.  Tha  sir  lead  an  are  laup  was  used  as  the  light 
aooroe  for  the  achliaran  and  shadowgraph  ays  tana,  fhotographs  wars 
token  using  a  caasra  fit  tad  with  a  Polaroid  flla  bolder,  khan  using 
tha  intarfaronatar  as  a  achllaran  or  shadowgraph  systan  half  of  tha 
light  was  blocked  off,  and  tha  Matter  spaed  had  te  be  changed. 
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Polaroid  typo  1*7  film  ma  used  for  both  interferometer  and  aohllaron 
photographs. 

A.  faatax  oanora  was  osod  at  7,000,  1*,000,  and  1,000  franao  par 
aocond  to  naka  high  speed,  lntarf  arena  tar,  schlisreu.  and  shadowgraph 
films  of  tha  throat  vectoring  phenomena.  A  timing  signal  mas  placed 
an  the  film  so  that  jet  snitching  tins  of  the  main  fluid  stream  could 
be  measured.  The  film  used  in  tha  faatax  camera  vas  Dupont  16  an, 
931A  rapid  reversal  for  black  and  white  photography  and  Kastmaxv-Kodak 
KRB  1*30  for  tha  color  photography. 

Sound  Recording  Iqulpnent 

A  Qenaral  Radio  type  1550-A  Octave  Band  Raise  Analyser  with  a 
frequency  range  of  20  to  10,000  ope  vas  used  to  reoord  the  change  in 
noise  level  at  the  position  indicated  In  Ag.  6.  The  noise  anhlyaer 
is  calibrated  in  deoibels  and  yields  noise  data  in  ai^it  distinct 
band  widths  which  era  20  to  75  ops,  75  to  150  ops,  150  to  300  ops, 

300  to  600  ops,  600  to  1200  ops,  1200  to  21*00  ops,  21*00  to  1*800  ops, 
and  1*800  to  10,000  ops.  The  analyser  oan  also  bo  used  to  give  an 
overall  noise  level  in  the  bond  width  20  to  10,000  ops.  A  complete 
description  of  this  equipannt  oan  be  found  m  Raf  10.  This  equipment 
was  incorporated  into  the  tost  apparatus  so  that  say  noise  reduction 
that  occurred  by  using  parallel  injection  of  the  secondary  fluid 
could  be  sensed. 
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m.  Expert nsntal  Procedure 


fllMiftl 

Data  run*  ware  uda  oo  the  parallal  injector  nossla  at  setback 
ratios  (<tyb)  of  h,  5,  6 ,  and  7.  The  nossla  was  operated  at  pressure 
ratios  of  1.86,  2.20,  2.89  and  3.39  for  a  setback  ratio  of  it,  at 
pressure  ratios  of  1.86,  2.20,  2.60  and  2.89  for  a  setback  ratio  of 
5,  at  pressure  ratio  of  1.80,  1.86,  2.20  and  2.35  for  a  setback 
ratio  of  6,  and  at  pressure  ratios  of  1.63,  1*70,  1.87  and  1.91  for 
a  setback  ratio  of  7.  The  criterion  that  established  the  ssTisne 
pressure  ratio  to  be  used  at  a  specific  setback  ratio  ana  the  lieit 
at  which  the  secondary  jet  could  cause  switching  of  the  primary  fluid 
jet. 

Topical  Tft  iw 

A  typical  test  run  was  oondected  in  the  following  nanaeri 

(1)  Set  up  and  seal  nossla  at  the  desired  setback  ratio. 

(2)  Attaoh  prlnarjr  fluid  jet  to  the  desired  nos  tie  sidewall, 

(3)  lstahlAsh  nossla  pressure  ratio 

(It)  IseerA  neoaaaaiy  data  to  naasure  Me  and  T0. 

(5)  Mtoh  primary  jet  throng  use  of  parallol  injaction  of  the 
seoondary  fluid  and  record  data  to  naasure  Mg  and  Tg. 

(6)  Out  off  injection  of  eeoondary  fluid  and  conduct  the  static 
pressure  surrey. 

Teet  Procedure 

The  nosils  was  set  up  and  ssaled  in  the  deeired  geoeetriesl  con¬ 
figuration  foil  owing  the  wethcc  given  on  Page  10  of  this  report. 
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Attachment  of  the  jet  to  the  desired  sidewall  was  accomplished  by  in¬ 
jecting  fluid  from  the  secondary  injector  near  the  sidewall  on  which 
attachment  was  to  occur  and  then  opening  valves  to  start  the  primary 
fluid  flowing  through  the  nozzle.  This  procedure  caused  the  primary 
fluid  to  attach  to  the  designated  nozzle  wall  in  all  cases.  The  pri¬ 
mary  fluid  jet  was  switched  by  injecting  the  secondary  fluid  an  the 
side  of  the  primary  jet  opposite  to  where  the  initial  separation- 
bubble  was  fonaed.  The  mechanism  that  explains  these  phenomena  is 
discussed  in  detail  in  the  Results  Section  of  this  study. 

Noise  level  and  schlieren  and  interferometer  photographs  were 
obtained  on  subsequent  data  runs  which  immediately  followed  the  static 
pressure  survey  run.  The  purpose  of  these  runs  was  to  record  the 
change  in  noise  level  associated  with  the  parallel  injection  of  the 
secondary  fluid  and  to  record  photographically  the  switching  of  the 
jet  from  one  nozzle  wall  to  the  other.  These  additional  runs  also 
served  as  a  oheok  on  the  mesa  flew  rate  date  end  the  temperature  date 
obtained  on  the  original  test  run. 

After  all  the  neeeeeery  date  for  a  spool fio  setback  ratio  was 
obtained,  the  noasle  assembly  wee  dismantled  from  the  tattling  chamber 
and  soaked  18  to  2li  hours  in  commeroial  grade  acetone.  This  soaking 
was  necessary  to  break  the  formica  otmeni  teal  formed  between  the 
brass  noasle  blocks  end  the  glees  test  section  walls.  Tht  nossls  was 
thrc  taken  apart,  cleaned,  reasseribled,  and  sealed  in  the  next  set¬ 
back  ratio  configuration. 

The  minimum  secondary  mass  rate  of  flow  required  to  switch  the 
mein  jet  from  one  nozzle  sidewall  to  the  other  was  obtained  by  open¬ 
ing  the  supply  line  to  the  secondary  injector  near  the  wall  where 
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the  primary  jet  was  attached  and  then  starting  the  secondary  fluid 
compressor,  thus  allowing  the  pressure  in  the  injector  stagnation 
chamber  to  gradually  build  tip.  When  the  primary  jet  switched,  the 
necessary  data  was  recorded  to  determine  the  mass  rate  of  flow  of 
the  secondary  fluid.  The  gradual  buildup  technique  gave  consistent 
and  repeatable  data  at  the  individual  test  conditions. 

Since  the  jet  switching  encountered  in  this  test  occurred  almost 
instantaneously,  a  high  speed  (7,000  frames  per  second),  16  milli¬ 
meter  film  was  made  to  record  this  phenomena.  This  film  further  docu 
man  ted  the  switching  characteristics  in  the  parallel  injector  coanda- 
effeot  nossle  and  shows  the  switching  phenomena  using  interferometer, 
schlieren,  and  shadowgraph  optical  techniques. 
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IV.  Data  Reduction  Methods 

Deterai nation  of  Primary  and  Secondary  Maaa  Plow  Rates 

The  method  used  in  this  study  for  the  calculation  of  both  the 
primary  and  secondary  fluid  mass  flow  rates  Is  given  in  the  ASMS 
Flowmeter  Computation  Handbook  (Ref  1)  published  in  1961.  This  method 
is  particularly  useful  in  that  the  iterative  procedure  required  by 
the  older  method  (Ref  2)  has  been  carried  out  for  most  commonly  used 
flow  pipe-orifice  combinations  and  the  iterative  results  are  listed 
in  the  form  of  tables.  The  newer  mass  flow  computation  method  simply 
requires  knowledge  of  the  flow-pipe  diameter,  the  flow-pipe  schedule 
number,  the  type  of  orifice  being  used  and  its  diameter,  the  type  of 
fluid  being  used,  and  the  temperature  of  the  fluid,  fluid  mess  flow 
rates  are  easily  found  slnoe  all  of  these  quantities  are  usually 
known.  The  newer  method  also  eliminates  the  use  of  costly  ccmputsr 
time  and  special  programs  for  quick  computation  of  mass  flew  rates. 

Determination  of  Jet  Attache  mat  Location 

Crcssley  (Ref  7*120)  and  Sawyer  (Ref  22*552)  defined  the  Jet 
attachment  location  as  the  point  on  the  not  tie  sidewall  whera  the 
Maximum  statio  pressure  oocurred,  but  Olson  (Ref  19*27)  determined 
that  the  attaebawnt  point  waa  upstream  of  this  location.  A.  S. 
Mitchell  (Raf  16*31),  in  a  constant  on  Olson's  artlels,  concluded  that 
the  method  for  Jot  attachment  location  proposed  by  Sawyer  st  si,  was 
in  close  agreement  with  Olson's  work  st  the  lower  Mach  numbers.  The 
jet  attachment  point  waa  takan  aa  the  point  of  maximum  wall  static 
pressure  because  only  low  Mach  number  flow  was  uaed  in  this  study. 
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The  attachment  point,  for  the  various  setback  ratios,  was  taken  from 
pressure  coefficient  versus  non-dimensional  wall  distance  plots 
(Jigs.  53,  ft,  55,  and  56). 

Determination  of  Nozzle  Thrust 

A  nozzle  thrust  coMparison  was  made  using  theoretical  axial 
thrusts  and  computing  lateral  forces  from  the  pressures  measured  along 
the  nozzle  wall.  The  theoretical  axial  forces  were  the  forces  that 
the  cnoked  flow  exiting  from  the  throat  and  the  secondary  injector 
exerted  an  the  nozzle.  These  forces  were  found  from  the  isentropic 
thrust  equation  for  a  fluid  exiting  from  a  choked  convergent  nozzle 
(Ref  23:103).  The  equation  used  was: 

Fo  a  po  [2(‘k7t)  ^  '  -p1-  ] 

where  the  appropriate  throat  area  and  stapiation  pressure  were  used 
to  yield  the  foroes  exerted  by  the  primary  and  secondary  flow,  re¬ 
spectively,  on  the  nozzle.  The  lateral  foroes  acting  on  the  nozzle 
were  determined  ty  a  mechanical  Integration  of  the  static  pressure 
versos  distance  curve  obtained  from  measurements  made  on  the  diverging 
walls  of  the  nozzle.  The  curve  was  extrapolated  to  the  nozzle  throat 
so  that  a  pressure  could  be  determined  between  the  throat  of  the 
noszle  and  the  first  statie  pressure  tap.  This  Integration  yielded  a 
resultant  force  acting  perpendicular  to  the  nozzle  sidewalls.  The 
addition  of  the  axial  component  of  the  resultant  force  to  the  two 
analytically  determined  forces  was  defined  to  be  the  thrust  of  the 
noszle.  The  component  of  the  resultant  force  that  was  normal  to  the 
noszle  centerline  was  defined  to  be  the  lateral  thrust  of  the  nozzle. 
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Hie  effects  of  friction,  lateral  "omentum,  and  the  pressure 
acting  on  the  area  between  the  nozzle  throat  and  the  setback  nozzle 
walls  were  ignored  in  the  thrust  analysis. 


Determination  of  Reynolds  Number 

The  method  used  to  determine  the  Reynolds  number  based  on  the 
width  of  the  nozzle  throat  was  the  same  as  that  used  by  KLsby 
(Ref  9:ll5).  The  derivation  *  s  presented  for  the  convenience  of  the 


reader. 

The  Reynolds  number,  based  on  the  nozzle  throat  width  (b),  is 
given  by 


h  Vt 


but 


M, 


P\  At 


and 


0.532  Ppb 


therefore. 


(i •*  23*85) 


,  0.532  PQ  b 

eyb 


Determination  of  Separation- Bubble  Pressure 

Separation-bubble  pressure,  that  is  the  average  pressure  within 
the  vortex,  was  experimentally  determined  from  the  interferometer 
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photographs  takan  during  this  study  using  a  Modification  of  the  Method 
described  in  Ref  1 5.  The  method  used  consists  of  first  finding  the 
density  in  the  separated  region  by  using  the  formula 

r-r,  i-^)^ 

and  then  using  the  perfect  gas  lav  (P  •P'BT j  to  yield  the  pressure 
in  the  separation-bubble.  The  temperature  used  was  assumed  to  be  the 
stagnation  temperature*  of  the  main  fluid  stream. 
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V.  Discussion  and  Results 

Effects  of  Sealing  on  Switching  Requirements 

Six  test  runs  were  performed  in  the  initial  phase  of  the  study 
to  obtain  data  so  that  a  comparison  between  the  switching  require¬ 
ments  of  the  sealed  conventional  (perpendicular  secondary  injector) 
coanda  nozzle  and  Elsby*  s  (partially  sealed)  conventional  coanda 
nozzle  could  be  made.  The  first  two  test  runs  were  performed  to 
indicate  what  effect  nozzle  leakage  had  on  the  total  nozzle  pressure 
ratio  required  to  obtain  the  "full  flow1*  limiting  condition  described 
by  Elsby  in  Ref  9  as  a  flow  condition  where  the  main  fluid  stream 
spontaneously  attaches  to  both  nozzle  walls.  The  runs  were  performed 
at  a  setback  ratio  of  U  and  at  total  nozzle  pressure  ratios  of  U.80 
and  li.72  respectively,  the  results  of  these  runs  indicated  that  a 
7^  reduction  in  pressure  ratio  ms  obtained  using  the  sealed  nozzle. 
The  remaining  four  runs  were  designed  to  indicate  what  change  in  the 
secondary  mass  flow  rate  required  for  jet  switching  occurred  by  using 
the  sealed  nossle.  TVo  of  these  runs  were  oonduoted  at  a  setback 
ratio  (d/b)  of  U  and  a  pressure  ratio  of  approximately  2.70,  the 
other  two  were  oonduoted  at  a  setback  ratio  (d/b)  of  6  and  a  pressure 
ratio  (Po/Pa)  of  3.06.  The  results  of  those  runs  showed  that  the  use 
of  the  sealed  nossle  reduced  the  seeondary  mass  flow  rate  required 
for  jet  switching  by  3#  at  a  setback  ratio  of  U,  and  by  3 $t  at  a 
setback  ratio  of  6.  A  summary  of  these  results  is  shown  in  Table  I. 

Switching  Mechani sm-Parallel  Injector  Coanda  Mossls 

The  switching  mechanism  for  the  parallel  injector  coanda  nossle 
is  radically  different  from  the  conventieoal  switching  mechanism 
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described  by  Bourque  end  Newman  (Ref  5),  Sawyer  (Hof  22),  Dodds 
(Ref  8),  and  others.  A  brief  review  of  the  conventional  switching 
mechanism  is  repeated  here  for  the  convenience  of  the  reader. 

When  a  fluid  jet  with  a  turbulent  boundary  exits  into  an  ambient 
fluid  field  which  has  an  equal  or  lover  viscosity,  the  turbulent 
boundary  entrains  fluid  from  the  ambient  field.  If  a  wall  is  placed 
near  the  issuing  jet,  this  entrainment  is  disrupted  and  eventually  a 
low  pressure  region  is  formed  between  the  jet  and  the  wall.  The  low 
pressure  region  causes  the  jet  to  deflect  and  attach  to  the  wall.  At 
this  time  a  vortex  is  formed  between  the  jet  and  the  wall  and  the 
fluid  stays  attached  to  the  wall.  Ibis  phenomena  is  called  the  coanda 
effect.  Nov  the  conventional  method  for  switching  this  fluid  jet  from 
the  attached  wall  is  to  introduce  a  secondary  fluid  jet  into  the 
vortex  (separation  region)  at  right  angles  to  the  jet.  This  has  two 
effects,  it  destroys  the  low  pressure  region  and  vortex,  and  it  pro¬ 
duce*  a  momentum  deflection  of  the  primary  jet.  Both  of  these  effects 
cause  the  jet  to  move  aamgr  from  the  attaching  wall.  Oboe  the  jet  ie 
detached  from  the  wall  it  is  moved,  say  in  the  vicinity  of  another 
wall,  fay  a  force  which  results  from  the  eomitua  transfer  between  the 
main  fluid  jet  and  the  secondary  fluid  jet.  Since  the  mein  jet  ie 
now  in  the  vicinity  of  another  wall,  the  eoanda  effect  described 
above  takes  over  and  the  jet  attaches  to  the  other  wall.  The  above 
sequence  is  illustrated  in  Figs.  9  end  10,  pages  $ 2  end  $ 3 . 

In  the  case  of  the  parallel  injector  coanda  notsle,  the  jet 
switching  sequence  (Fig.  7  )  starts  when  a  secondary  fluid  flow  that 
is  parallel  to  the  main  stream  is  initiated  on  the  side  of  the  main 
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Sequence  -  Right  to  Loft,  1  through  $ 


Kg.  7 

Thrust  Vectoring  Sequence :  Interferometer,  d/b  ■  6,  -1.87 
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fluid  jet  opposite  to  the  side  facing  the  attached  wall.  The  second¬ 
ary  jet  does  not  attach  to  the  nozzle  wall  nearest  it  because  although 
the  pressure  in  the  area  between  the  secondary  jet  and  the  wall  is 
decreased  by  the  entrainment  of  fluid  from  the  region  by  the  jet,  this 
decrease  is  small  because  the  area  from  which  the  entrained  fluid  is 
taken  is  large  with  respect  to  the  jet,  and  because  the  secondary  jet 
is  three-dimensional.  Consequently,  only  a  slight  difference  in  pres¬ 
sure  exists  across  the  boundaries  of  the  high  energy  secondary  jet, 
(Po/Pa)  *  5  to  7.  The  small  pressure  difference  is  not  enough  to 
cause  the  jet  to  move  closer  to  the  wall  and  therefore  the  jet  remains 
parallel  to  the  centerline  of  the  nozzle.  The  secondary  jet  also  en¬ 
trains  fluid  from  the  quasi -ambient  region  between  it  and  the  primary 
fluid  jet.  The  entrainment  by  both  the  primary  and  secondary  jet 
rapidly  reduces  the  pressure  in  the  region  between  the  two  jets  to  a 
level  that  is  lower  than  the  pressure  existing  between  the  main  jet 
and  the  attaching  well.  A  pressure  differential  now  exists  across 
the  boundaries  of  the  main  fluid  jet  end  the  Min  jet  moves  towards 
the  secondary  jet.  This  movement  ceases  the  attachment  point  of  the 
main  jet  to  move  downs treem  along  the  nestle  wall  until  it  detaches 
from  the  well,  destroying  the  vortex  that  formerly  existed  between  it 
end  the  well.  As  the  mein  jet  passes  through  the  centerline  of  the 
nozzle,  it  comes  under  the  influence  of  a  strong  vortex  system  which 
has  been  forced  between  the  secondary  jet  and  the  nozzle  wall  nearest 
it.  This  vortex  is  caused  by  the  entrainment  of  the  fluid  in  the 
region  between  the  wall  and  the  turbulent  boundary  of  the  secondary 
jet,  and  by  the  circulation  induced  by  the  secondary  Jet  itself  in 
this  region.  The  vortex  "attracts*  ihe  main  jet  and  causes  it  to 
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attach  to  the  wall.  Upon  attachment,  a  portion  of  the  fluid  flows 
back  into  the  vortex  and  a  stable  "coanda-effect"  situation  is  estab¬ 
lished  (see  Kg.  12).  The  secondary  Jet  can  nee  be  discontinued, 
setting  up  pure  an  da-effect  flow,  and  the  primary  jet  remains  at¬ 

tached  to  the  nozzle  ei dewall. 

The  above  mentioned  pressure  differential  that  exists  across  the 
boundary  of  the  main  fluid  jet  implies  that  the  pressure  on  the  side 
of  the  fluid  jet  sway  froe  the  attachment  wall  is  lower  than  the  pres¬ 
sure  an  the  side  of  the  jet  fac  ng  the  attachment  wall.  In  order  to 
explain  this,  a  discussion  of  the  relationship  of  velocity  of  a  fluid 
stream  ou  the  entrainment  of  field  from  a  region  adjacent  to  the  stream 
is  in  order.  livid  ok  (Rat  11)  demonstrated  that  the  amount  of  fluid 
entrained  from  the  surroundings  by  a  turbulent  jat  increc.  as  the 
velocity  of  the  jet  increoeed.  The  seoomdery  jet  operated  during  the 
test  at  e  pressure  retie  that  urns  approximately  three  times  greater 
them  the  pressure  retie  of  the  primary  fluid  jet,  and  therefor#  had 
a  hi |har  velocity  than  the  primary  field  jet.  The  surface  area,  based 
on  h  the  clreamf arenas,  of  *hs  seoondety  jet  urns  larger  then  the  sur¬ 
face  area  e t  the  prlmmry  jot  and  sines  the  velocity  of  the  secondary 
jet  was  greater  than  the  velocity  of  the  primary  jet,  the  entrainment 
of  the  secondary  Jet  woe  greeter  thou  the  entrainment  of  the  primary 
jet.  Mow  when  parallel  injection  of  the  secondary  flow  is  ssteblished 
in  the  noszle,  both  the  secondary  jet  and  the  primary  jet  are  entrain¬ 
ing  fluid  from  the  snail  region  between  the  two  jets  at  a  rate  that  is 
greater  than  twice  the  rate  that  fluid  is  being  entrained  from  the 
region  between  the  primary  jet  and  tha  wall.  This  causes  the  pressure 
on  the  surface  of  the  primary  jet  feeing  away  from  tha  attachment 
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wall  to  decrease  faster  than  the  pressure  on  the  surface  facing  the 
attachment  wall  and  therefore,  a  pressure  differential  is  created 
across  the  primary  jet.  The  pressure  differential  causes  the  jet  to 
detach  from  the  attachment  wall  and  switch  to  the  opposite  nozzle 
wall. 

It  was  determined,  from  timing  marks  coded  on  a  high  speed 
(7000  frames/sec)  film,  that  the  jet  switching  time  in  a  parallel  in¬ 
jector  nozzle  was  .001  seconds.  This  value  agrees  wt„l  with  the  jet 
switching  times  given  in  current  literature.  Schl^eren  and  inter¬ 
ferometer  photographs  showing  the  vectoring  sequence  for  various  set¬ 
back  ratio  configurations  of  the  parallel  injection  coanda  nozzle  are 
shown  in  Figs.  11  through 

Effect  of  Continued  Injection  into  Separation-Bubble 

During  the  test,  when  using  the  parallel  Injector  coanda  nozzle, 
it  was  noted,  that  continued  injection  of  secondary  fluid  into  the 
separation  region  formed  between  the  wall  of  the  nozzle  and  the  pri¬ 
mary  jet  caused  a  stronger  vortex  to  fora  within  the  separation 
region  (Fig.  30).  The  stronger  vortex  lowered  the  mean  pressure 
within  the  seperatl on-bubble  and  induced  a  greater  pressure  differ¬ 
ential  across  the  boundariee  of  the  attaching  jet.  The  effect  of  the 
increased  pressure  differential  was  to  increase  the  curvature  of  the 
primary  fluid  jet,  and  move  the  jet  attachment  point  upstream  along 
the  nozzle  sidewall  towards  the  nozzle  throat.  This  is  opposite  to 
the  behavior  that  ELsby  reported  in  the  study  on  perpendicular  in¬ 
jection  coanda-effect  nozzles  where  it  is  stated  that  the  continued 
injection  of  fluid  into  the  separation-bubble,  caused  the  jet  curvature 
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to  decrease  and  the  jet  attachment  point  to  move  downstream  along  the 
nozzle  until  jet  detachment  and  switching  occurred.  Opfell  also  re¬ 
ported  that  the  effect  of  secondary  injection  into  the  separation- 
bubble  was  to  note  the  jet  attachment  point  downstream  along  the 
nozzle  wall  to  the  exit.  The  movement  of  the  attachment  point  upstream 
when  secondary  fluid  is  injected  into  the  separation  region  is  a  dis¬ 
tinguishing  feature  of  the  flow  in  a  parallel  injection  coanda-effect 
nozzle. 

Sidewall  Attaching  Phenomena 

The  separation-bubble  approached  a  circular  shape  as  the  nozzle 
pressure  ratio  (Po/Pa)  was  decreased  in  the  parallel  injector  coanda- 
effect  nozzle.  The  shape  of  the  separate  on- bubble  roughly  resembled 
an  ellipse  at  the  higher  nozzle  pressure  ratios.  This  can  be  seen  by 
referring  to  Figs.  U  through  3b'  A  similar  effect  was  noted  by  KLsby 
in  Ref  9.  Another  interesting  feature  of  the  attaching  flow  was  a 
roughly  triangular  shaped  separation  that  was  observed  above 

the  attachment  point.  This  region,  called  the  secondary  separation 
region,  wee  first  noticed  while  viewing  the  high  speed  film  taken  at 
a  nozzle  setback  ratio  of  b  end  can  be  seen  in  Pig.  7,  sequence  photo¬ 
graph  b.  The  high  speed  film  also  showed  e  week  vortex  occupying  this 
region  which  would  suggest  that  e  pressure  lower  then  ambient  existed 
in  the  region. 

lhs  static  pressure  survey  that  was  performed  did  not  Indicate  the 
presence  of  the  low  pressure  region  (see  FLg.  5b).  This  can  be  ex¬ 
plained  by  noting  that  a  true  static  pressure  is  not  measured  at  any 
distance  along  the  well  after  the  separation  point,  instead  a  pressure 
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that  is  composed  of  static  and  dynamic  components  is  measured.  The 
dynamic  pressure  component  is  brought  about  by  the  fluid  that  is  flow¬ 
ing  at  an  angle  to  the  nozzle  wall  towaras  the  nozzle  exit.  It  is 
this  component  that  covers  uo  the  presence  of  the  second  separated 
region  and  the  weak  vortex  inside  it.  Analysis  of  the  variation  of 
the  surface  pressure  coefficient  (Cp)  with  non-dimensional  wall  dis¬ 
tance  (x/b),  Pigs.  53  through  56,  does  give  an  indication  of  the 
presence  of  the  second  separation  region  by  the  steep  negative  slope 
just  downstream  of  the  attachment  point.  The  steep  negative  slope 
indicated  a  rapidly  decreasing  pressure,  and  it  can  be  seen  from 
Figs.  53  through  56  that  the  steepness  of  the  slope,  and  therefore 
the  pressure  in  the  second  separated  flow  region,  decreased  with  in¬ 
creasing  setback  ratio  (d/b).  The  presence  of  a  second  separated 
region  ms  not  reported  by  ELeby  or  Op fell}  however  Reeves  and  Lees 
(Ref  21)  demonstrated  its  presence  in  supersonic  separated  and  reat- 
tachlng  laminar  flows. 

The  boundary  layer  buildup  on  the  surface  of  the  jet  opposite  the 
attaching  wall  is  shown  in  fig.  11.  The  rapidity  of  the  buildup  indi¬ 
cates  that  the  boundary  of  the  jet  is  indeed  turbulent  and  that  fluid 
is  being  entrained  from  the  surroundings. 

Si  daws'. 3  Static  Pres  mrs  Measurements 

The  results  of  the  sidewall  pressure  analysis  are  shown  in  Tigs. 
53  through  56  and  are  presented  as  a  variation  of  pressure  coefficient 
(3p)  versus  the  non-dimensional  wall  distance  x/b.  It  can  be  seen 
from  these  plots  that  at  a  specific  setback  ratio  (d/b),  the  point  of 
maxi  wi  static  pressure  varied  by  less  than  one  nozzle  width  (b) 
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during  the  increase  of  pressure  ratio  (Po/Pa).  This  contradicts  the 
statements  made  by  ELsby  (Ref  9:23)  et  al,  which  indicate  that  the 
maximum  static  pressure  point  is  moved  do  /ns tr earn  along  the  sidewall 
as  the  pressure  ratio  (Po/Pa)  is  increased. 

figures  53  through  57  show  that  the  effect  of  increasing  the  set¬ 
back  ratio  was  to  move  the  maximum  static  pressure  point  downstream 
along  the  nozzle  wall.  This  result  a~  aes  with  statements  made  by 
ELsby,  Opfell,  and  others.  The  pressure  coefficient  plots  show  that 
the  separation- bubble  pressure  remr 5  r>ed  fairly  constant  at  one  setback 
ratio  during  the  increases  of  the  pressure  ratio;  this  observation 
also  agrees  with  ELsby»s  results  (Ref  9:27). 

During  the  test,  a  static  pressure  analysis  of  the  wall  opposite 
to  the  jet  attachment  wall  was  performed  (Figs.  62  through  65).  The 
results  of  this  study  showed  that  a  pressure  which  was  less  than 
ambient  and  which  increased  with  increasing  pressure  ratio,  and  de¬ 
creased  with  decreasing  setback  ratio,  acted  along  the  wall.  The 
distribution  of  this  lower  than  ambient  pressure  was  such  that  it 
started  at  zero  at  the  nosale  throat,  increased  to  ite  maxi  nun  value 
at  a  point  3  nos  tie  widths  downstream  of  the  throat,  and  then  decreased 
until  it  equalled  atmospheric  pressure  at  the  nozzle  exit.  The  lower 
pressure  resulted  from  the  inability  of  the  ares  surrounding  the  exit¬ 
ing  primary  jet  to  replace  fluid  entrained  by  the  jet  from  that  area. 
The  roughly  triangular  distribution  of  the  Dower  pressure  can  be  ex¬ 
plained  as  follows.  As  the  primary  jet  exits  the  nozzle  plane,  the 
turbulent  boundary  layer  starts  to  build  up  (Ref  3)  and  fluid  begins 
to  be  entrained  from  its  surroundings;  this  explains  the  initial  in¬ 
creasing  pressure  distribution.  Now  as  the  jet  proceeds  downstream, 
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the  jet  spreads  and  velocity  decreases,  thus  decreasing  the  primary 
jet  entrainment  from  the  surroundings.  The  decreased  entrainment 
from  the  area  surrounding  the  jet  causes  the  pressure  in  the  area  to 
decrease  and  this  continues  until  the  jet  exits  the  nozzle.  Tne  de¬ 
flection  of  the  primary  jet  towards  the  attachment  wall  also  con¬ 
tributes  to  the  decreasing  pressure  profile  for  as  the  fluid  jet  moves 
towards  the  attachment  wall,  the  boundary  of  the  jet  opposite  to  the 
attachment  wall  can  entrain  fluid  from  a  larger  area,  and  thus  con¬ 
tribute  less  and  less  to  the  pressure  distribution. 

Jet  Attachmeri  ■;  Location 

Both  Eli  by  and  Op  fell  reported  in  their  work  that  the  jet  at¬ 
tachment  poi't  moved  downstream  along  the  nozzle  wall  as  pressure 
ratio  or  setback  ratio  was  increased,  figure  57  shows  that  increasing 
setback  ratio  did  indeed  move  the  attachment  point  downstream  fro*  a 
non-dimensional  distance  (x/b)  of  7  to  10}  however,  increasing  the 
pressure  ratio  had  relatively  little  effect  on  the  rwveoent  of  this 
point.  In  faot,  the  jet  attachment  point  remained  in  e  nearly  fixed 
position  for  the  variation  in  pressure  ratio*  ooneidered  in  this  study. 

Again  a  contradiction  exists  between  geometrically  similar  con¬ 
ventional  and  parallel  injector  ooanda-effect  nos alee,  this  time  in 
the  ares  of  the  effect  increasing  nozzle  pressure  ratio  has  on  the  jet 
attachment  location.  The  contradiction  can  be  explained  by  noting 
that  at  a  given  setback  and  pressure  ratio,  the  effect  of  leakage 
would  be  to  increase  the  separ ati on-bubble  pressure  to  a  value  that 
is  greater  than  the  separation-bubble  pressure  without  nozzle  leakage. 
This  increased  pressure  would  cause  the  jet  attachment  point  to  be 
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located  downstream  of  the  attachment  point  obtained  with  a  sealed 
nozzle. 

The  constant  attachment  point  location  with  increasing  nozzle 
pressure  ratio  as  obtained  with  the  parallel  injector  coanda-effect 
nozzle  would  be  a  desirable  feature  if  the  coanda  nozzle  was  going 
to  be  used  in  a  device  where  large  changes  in  pressure  ratio  occurred. 


Separation-Bubble  Pressure 

teller,  in  Ref  17,  showed  that  an  analytical  method  which  was 
developed  by  Nash  (Ref  18)  for  determination  of  the  separation*  bubble 
pressure  in  uniform  supersonic  flow  over  a  two-dimensional  backstop 
could  be  extended  to  the  coanda  nozzle  case.  He  states  that  if  the 
assumption  made  by  Korst  and  Chapman  (Ref  6)  that  the  recoopression 
of  the  attaching  streamline  up  to  the  attachment  point  is  isentropic 
can  be  accepted,  then  the  separation-bubble  pressure  could  be  obtained 
by  a  trial  and  error  ablution  of  the  expression, 
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In  this  expression,  Pr  ie  the  pressure  measured  on  the  noezle  wall  at 
the  attachment  point*  Pfe  is  t**s  separation-bubble  static  pressure,  Pft 
la  the  static  (ambimt)  pressure  on  the  free  boundary  of  the  jet,  and 
N  la  the  recompression  coefficient  and  is  e  function  of  the  Remolds 
number  end  Mach  number  before  separation  for  a  particular  nozzle  con¬ 
figuration.  The  initial  Mach  number  in  this  study  was  calculated  from 
the  total  nozzle  pressure  ratio  and  assuming  isentropic  flow. 

Korst  and  Chapman  stated  that  N  *  1.0,  while  lash  (Ref  18),  after 
showing  that  the  criterion  originally  put  forth  by  Korst  and  Chapman 
was  not  consistent  with  experimental  data,  suggested  that  1  -  .35* 
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Mueller  suggests  in  his  article  that  N  -  2.0.  An  analysis  of  the 
seoarati on-bubble  pressure  was  made  using  the  interferometer  photo¬ 
graphs  obtained  during  this  study  to  determine  what  value  of  N  was  sug¬ 
gested  by  the  data.  The  result  of  this  analysis  is  presented  on  a 
graph  taken  from  Ref  17  in  Fig.  8.  As  can  be  seen  from  this  figure, 
the  value  obtained  for  N  in  this  study  was  approximately  .6$  and  lies 
between  the  values  suggested  by  Korst  and  Chapman  and  Nash.  It  is 
considerably  below  the  value  put  forth  by  Mueller. 

Secondary  Mass  flow  Requirements  for  Thrust- Vectoring 

larlier  in  this  report  (see  page  27),  the  extreme  effects  that 
leakage  in  the  area  of  the  separation-bubble  had  on  the  amount  of 
secondary  mass  flo ;  required  to  switch  the  jet  were  pointed  out.  For 
this  reason  and  for  others  which  are  enumerated  in  the  following  para¬ 
graph,  it  is  felt  that  the  difference  in  the  secondary  mass  flow  re¬ 
quirements  between  the  partially  sealed  nozzles  of  Elsby  and  Opfell 
and  the  sealed  parallel  injector  coanda  nozzle  can  not  be  entirely  at¬ 
tributable  to  the  change  in  secondary  injection  teehnioues. 

At  this  point  it  is  instructive  to  review  the  effect  that  in- 

a 

creasing  nozzle  pressure  ratio  haa  on  separation-bubble  pressure.  As 
the  nozzle  pressure  ratio  is  increased,  the  velocity  of  the  jet  is  in¬ 
creased,  and  the  entrainment  requirement  on  the  attached  boundary  of 
the  jet  is  increassd.  The  increased  entrainment  rewired  causes  a  de¬ 
crease  in  the  seoarati on-bubble  pressure,  thus  tending  to  "hold"  the 
jet  more  firmly  to  the  wall.  It  would  seem  then  that  an  increased 
secondary  mass  flow  requirement  would  be  needed  to  switch  the  Jet 
whichever  method  (i.e.,  parallel  or  peroendicular  secondary  injection) 
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was  used.  The  case  of  perpendicular  secondary  injection  would  espe¬ 
cially  indi  cate  that  an  increased  secondary  mass  flow  would  be  re¬ 
quired  because  more  secondary  fluid  would  be  needed  to  destroy  the 
lower  bubble  pressure,  and  because  the  momentum  deflection  of  the  pri- 
*  mary  jet  would  be  less  effective  due  to  the  increased  momentum  of  the 
high  velocity  main  stream.  Investigation  of  Elsby’s  and  Opfell' s  re¬ 
sults  in  this  area  reveals  that  the  secondary  injection  mass  flow  re¬ 
quired  decreased  with  increasing  pressure  ratio,  contradicting  the 
physical  picture  presented  above  and  the  results  obtained  in  this 
study.  It  is  felt  that  the  nozzle  leakage,  listed  as  a  source  of  ex¬ 
perimental  error  by  both  ELsby  and  Opfell,  caused  this  contradiction. 
The  results  obtained  with  the  parallel  injector  nozzle,  fig.  £8,  in¬ 
dicate  that  jet  switching  during  the  operation  of  this  nossle  required 
an  increased  secondary  mass  flow  rata  aa  the  nossle  pressure  ratio  was 
increased.  The  secondary  mass  flow  ratio  (ftg/ft <>)  required  to  thrust 
vector  the  primary  fluid  in  the  nossle  varied  from  .8  to  .18  aa  the 
setback  ratio  waa  changed  from  U  to  7.  further  examination  of  the 
results  reveals  that  an  optimum  condition,  that  is  one  which  required 
e  minimum  amount  of  secondary  injection  for  jot  twitching  at  a  given 
pressure  ratio,  occurred  between  a  setback  ratio  of  U  and  5  for  the 
nozzle  used  in  this  study. 

Opfell  (Ref  20* 7U)  reported  that  the  secondary  mass  flow  ratio 
(ftg/fto)  required  to  thrust  vector  the  primary  fluid  by  "attraction" 
switching  was  11.2  when  switching  was  accomplished  with  his  injection 
port  number  2,  and  was  lU.9  when  injection  port  number  3  was  utilized. 
The  mass  flow  ratios  given  above  were  taken  at  a  setback  ratio  of  U, 
and  a  total  nozzle  pressure  ratio  of  2.  A  comparison  of  the  date 
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obtained  in  this  study  at  a  pressure  ratio  of  U  and  a  nozzle  pressure 
ratio  of  2  was  made  with  the  results  reported  by  Opfell  at  these  same 
conditions.  The  comparison  showed  that  a  93%  reduction  in  the  mass 
flow  ratio  was  obtained  when  using  the  parallel  injection 

nozzle  to  vector  the  primary  fluid. 

An  additional  comparison  between  the  secondary  mass  flow  required 
to  thrust  vector  a  fluid  in  a  coanda  nozzle  was  carried  out  between  a 
sealed  version  of  the  perpendicular  secondary  injection  coanda-effect 
nozzle  used  by  Elsby,  and  the  parallel  secondary  injection  coanda- 
effect  nozzle  used  in  this  study.  The  results  of  the  comparison  be¬ 
tween  the  two  geometrically  similar  nozzles  are  shown  in  Fig.  6l.  The 
figure  shows  that  the  mass  flow  requirements  for  thrust  vectoring  in¬ 
creased  for  both  coanda  nozzles  as  the  pressure  ratio  increased,  and 
indicates  that  for  the  comparison  range,  the  parallel  Injector  coanda 
notzla  mass  flow  re  quire  man  ts  for  thrust  vectoring  were  approximately 
11.7#  lower  than  the  sealed  perpendicular  injector  coanda  nozzle  re¬ 
quirement*.  This  comparison  shows  the  advantage  that  parallel  in¬ 
jection  of  the  secondary  fluid  haa  over  the  perpendicular  injection 
of  the  secondary  fluid  whan  using  relatively  large  scale  coanda-effect 
noailea  aa  thrust  vectoring  devices. 

Lateral  Thrust 

The  results  of  a  lateral  thrust  analysis  were  not  reported  for 
Qm  io°  by  Elsby  (Ref  9)j  however,  for  this  case,  Opfdll  (Ref  20*37) 
reported  lateral  thrust  ratios  (Fg/Fo)  that  varied  sinusoidally  be¬ 
tween  32  and  39%,  for  setback  ratios  of  ii  through  7.  The  parallel 
flow  coanda  nozzle  yielded  values  of  lateral  thrust  ratio  that 
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increased  from  9.6  to  18.2,2,  and  lateral  thrusts  that  varied  froc 
.lA5  lbf  to  .755  lbf,  as  the  setback  ratio  increased  from  U  to  7.  The 
results  obtained  with  the  parallel  injector  nozzle  ?eem  reasonable 
because  the  primary  jet  moves  through  a  greater  deflection  angle  as 
setback  ratio  is  increased  (Figs.  11  through  2k).  Opfell's  sinusoidal 
variation  cannot  be  explained. 

The  effect  of  increasing  the  pressure  ratio,  at  a  given  setback 
ratio,  was  to  decrease  the  lateral  thrust  ratio  (Fig.  59).  The  ex¬ 
planation  of  this  is  found  by  recalling  that  as  the  nozzle  pressure 
ratio  is  increased,  the  separation-bubble  pressure  is  decreased, 
causing  a  decrease  in  the  pres  stir e  acting  over  the  length  of  the  at¬ 
tached  wall  and  thus  decreasing  the  lateral  thrust.  The  variation  of 
lateral  thrust  efficiency  ratio  (fs/^o)  with  pressure  ratio  (Po/Pa) 

is  plotted  in  Pig.  60  and  shows  that  for  supersonic  flow  of  the  pri¬ 
mary  fluid,  as  the  pressure  ratio  increases,  the  lateral  thrust  ef¬ 
ficiency  ratio  decreases.  A  comparison  between  the  data  obtained  with 
the  nozzls  used  in  this  study  ( Qm  10°)  and  the  results  given  in  kefs 
9  and  20  could  not  be  acc<*pli shed  because  ELsby  (Ref  9)  only  pre¬ 
sented  the  thrust  efficiency  plot  for  Q  >  20°  and  30°  respectively, 
and  Opfell  (Ref  20)  did  not  present  a  plot  of  this  nature. 

Expanded  Flow 

At  high  pressure  ratios  (above  3.70)  and  setback  r* tios  of  U  and 
5,  the  spontaneous  jet  expansion  noted  by  ELsby  (Ref  9i2G)  occurred. 
The  jet  expansion  was  characterized  by  the  attachaent  of  the  issuing 
jet  to  both  nozzle  walls  (Figs.  35  and  36).  Reduced  pressure  in  the 
regions  between  the  attached  jet  boundaries  and  the  base  of  the  nozzle 
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is  shoun  in  Fig.  36  and  is  indicated  by  the  rapid  expansion  of  the 
secondary  jets  issuing  into  this  region,  illustrated  in  Fig.  35.  The 
effect  of  injection  into  this  region  was  to  move  the  boundaries  of 
the  jet  closer  together,  decreasing  the  nozzle  divergence  angle  Q. 
Tnis  is  illustrated  by  Fig.  35. 

Another  effect  that  parallel  secondary  injection  had  on  the  ex¬ 
panded  flow  pattern  was  to  move  the  primary  flow  thrust  vector 
through  an  angls  of  7  degrees,  toward  the  side  of  the  nozzle  from 
which  the  secondary  injection  was  issuing.  The  above  two  effects, 
that  is,  tho  moving  of  the  boundaries  downstream  'iae  to  the  satisfy¬ 
ing  of  the  primary  jet  entrainment  requirements  by  the  secondary  flow 
and  the  movement  of  the  thrust  vector  by  injection  of  the  secondary 
flow,  would  suggest  the  use  of  the  parallel  injection  coanda  nozzle 
as  a  steerable  propulsive  device  in  the  high  supersonic  range  where 
■„  repulsive  systems  are  commonly  used.  The  secondary  injection  of 
fluid  parallel  to  the  supersonic  main  stream  would  also  increase  the 
thrust  of  the  coanda -nos  si  e.  The  explanation  of  thrust  Increases  in 
parallel  flowing  streams  is  given  by  tuts  in  Ref  Uj. 

Hoi  so  Reduction  Ifee  to  Secondary  Injection 

high  thill  (Ref  13)  states  that  noise  is  radiated  sound  which 
represents  energy  extracted  from  the  jet  and  propogated  away  through 
the  atmosphere.  The  noise  can  be  induced  by  fluctuating  vortex  move¬ 
ments  01  by  the  motion  found  in  the  turbulent  boundary  layers  which 
are  formed  during  high  Reynolds  number  flow  of  fluid  jets.  It  was 
pointed  out  by  Li gh thill  that  the  main  source  of  noise  is  the  turbu¬ 
lent  jet  boundary  layer  and  that  the  intensity  of  the  noise  is  a 
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function  of  the  root-mean-square  (rms)  velocity  of  this  layer.  Light- 
hill  concluded  that  the  only  successful  methods  for  reduction  of  jet 
noise  would  be  those  that  decreased  the  rms  turbulent  velocity,  this 
redact' on,  he  suggested,  could  bo  done  by  either  reducing  the  jet 
velocity  (undesirable  for  propulsion  applications),  or  diminishing 
the  relative  velocity  of  the  jet  and  the  air  adjacent  to  it.  The 
parallel  injector  nor cl e  used  in  this  study  falls  into  the  latter 
category,  and  during  the  test  a  reduction  in  the  noise  level  at  a 
point  (shown  in  Fig.  6)  was  noticed.  The  overall  noise  reduction  in 
peak  sound  at  this  point  is  sho-aa  in  Jigs.  37  through  51  and  varied 
from  1  to  11  decibels  (db).  This  reduction  is  significant  because  a 
10  ib  reduction  in  overall  peak  sound  is  the  maximum  reduction  obtain¬ 
able  with  present  day  flightvaight,  noise  reduction  devices,  and  this 
reduction  is  obtained  during  normal  operation  of  the  nossle,  inducing 
no  performance  loss  and  requiring  no  additional  hardware.  Additional 
significance  in  the  noise  reduction  induced  by  the  parallel  injection 
of  secondary  fluid  in  a  coanda-effect  nossle  can  be  obtained  by  a 
further  examination  of  Figs.  37  througi  51  where  it  oan  be  seen  that 
the  noise  reduction  takes  place  in  the  higher  frequency  ranges,  that 
is  above  1000  ops.  The  reduction  of  noiss  in  theae  ranges  greatly 
lessens  ths  acoustic  fatigue  problems  oomm on  to  hl£i  mass  rate  of 
flow  compressible  fluid  system*. 

Limits  of  Jet  Switching 

During  the  test  definite  limits  were  reached  beyond  which  the 
main  jet  could  not  be  vectored.  These  limits  wers  reflected  in  the 
maximum  pressure  ratio  (P</Pa)  used  at  a  given  setback  ratio  and  were 
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Po/Pa  -  3-39  for  d/b  -  U,  Po/Pa  -  2.89  for  d/b  -  5,  P(/P»  -  2.3?  for 
d/b  *  6,  and  Po/Pa  "1.90  for  d/b  »  7.  Fig.  58  shows  that  the  Unit¬ 
ing  factor  was  the  secondary  mass  flow  rate.  As  can  be  seen  from  this 
graph*  the  secondary  mass  flow  rate  increases  with  increasing  pressure 
ratio  when  the  primary  fluid  flow  is  supersonic.  Therefore,  the  max¬ 
imum  secondary  mass  rate  of  flow  available  limits  the  pressure  ratio 
at  which  the  primary  jet  will  switch  from  one  nozzle  sidewall  to  the 
other.  The  reason  for  this  behavior  can  be  explained  by  noting  that 
as  the  setback  ratio  (d/b)  increases,  the  area  from  which  the  second¬ 
ary  Jet  entrains  fluid  increases  and  therefore  the  pressure  drop  in 
the  area  between  the  secondary  jet  and  the  nozzle  sidewall  decreases. 
Because  the  pressure  drop  in  this  region  is  decreased,  less  of  a  dif¬ 
ferential  in  pressure  exists  across  the  primary  jet,  and  the  main  fluid 
jet  has  less  of  a  tendency  to  move  away  from  its  attachment  wall.  It 
can  be  seen  from  this  that  increased  entrainment,  which  requires  in¬ 
creased  pressure  ratio  and  tha  associated  increased  secondary  mass 
flow,  is  required  to  causa  jet  switching  as  tha  se thick  ratio  is  in¬ 
creased  in  the  parallel  Injector  eoanda-effeet  nozzle. 

flew  Bias  factors 

Throughout  tha  conduct  of  this  study,  it  was  assumed  that  the 
fluid  in  both  tha  primary  and  secondary  jet  streams  was  dry,  oil-fres 
air.  Examination  of  tha  Sohlisren  photographs  presented  in  this  re¬ 
port  shows  that  droplets  of  water  formed  on  the  glass  test  section 
wall  during  tha  data  runs.  It  was  also  noticed  (using  the  interfer¬ 
ometer  system)  that  after  each  test  run,  a  residue  remained  on  the 
test  section  glass.  The  residua,  believed  to  be  formed  by  oil  in  the 


QAM  65A/W65-7 


air  supply,  .as  deposited  so  tiiat  after  the  attaching  jet  had  been 
discontinued,  its  outlino  could  be  seen  on  the  glass  test  section 
walls.  This,  of  course,  would  bias  the  orientation  of  a  naw  fluid 
jet  exiting  from  ths  nozzle  throat.  The  extent  of  the  error  induced 
by  the  two  above  factors  could  not  be  determined  during  this  study* 
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VI.  Conclusions 

The  following  conclusions  are  based  upon  the  results  of  this 
stvdyj 

1.  The  complete  sealing  of  Elsby's  coanda-effect  nozzle  de¬ 
creased  the  secondary  mass  flow  required  for  jet  switching  by  335C  at 
a  setback  ratio  (d/b)  of  h,  and  by  3hX  at  a  setback  ratio  of  6. 

2.  The  complete  sealing  of  IT  shy's  coanda-effect  nozzle  da- 
creased  the  pressure  ratio  required  for  jet  switching  by  7*$^  at  a 
setback  ratio  (d/b)  of  U,  and  a  nozzle  pressure  ratio  (Po/Pa)  of  U.76. 

3.  Thrust  vectoring  in  a  parallel  secondary  injection  coanda 
nozzle  is  characterised  by  the  deflection  of  the  sain  jet  towards  the 
secondary  jet.  This  is  opposed  to  the  thrust  vectoring  sequence  en¬ 
countered  in  perpendicular  secondary  injection  coanda  nozzles  where 
the  sain  jet  is  moved  away  ftro*  the  secondary  jet. 

U.  Continued  injection  into  the  attached  flow  separation-bubble 
does  not  osttse  jet  detaohnent  fro*  the  nozzle  sidewall. 

5.  Secondary  injection  into  the  separation-bubble  does  not  aove 
the  Jet  attachment  point  downs treen  along  the  nozzle  sidewall. 

6.  Increasing  nozzle  setback  ratio  (d/b)  novas  the  attachment 
point  doznstrean  along  the  nozzle  sidewall. 

7.  Ihc  secondary  injection  flow  required  to  cause  thrust  vector¬ 
ing  in  a  parallel  injeotor  ooanda-effeot  nozzle  increases  with  increas¬ 
ing  nozzle  setback  ratio  (d/b). 

8.  The  secondary  injection  flow  required  to  cause  thrust  vector¬ 
ing  in  s  parallel  injection  coanda-effect  nozzle,  increases  with  in¬ 
creasing  nozzle  pressure  ratio  when  the  primary  nozzle  flow  is 
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supsrsonic. 

9.  The  secondary  injection  flow  required  to  cause  thrust  vector¬ 
ing  in  a  parallel  injection  coaada-effect  nozzle  was  11. 7£  less  than 
the  amount  required  by  a  geometrically  similar  sealed  perpendicular 
injection  coanda-effect  nozzle. 

10.  The  secondary  injection  flow  reouired  to  cause  thrust  vector¬ 
ing  in  a  parallel  injection  coanda-effect  nozzle  was  93%  less  than 
the  value  reported  by  Op fell  in  Hof  9. 

11.  The  lateral  thrust  ratio  (Fs/F0)  increases  with  increasing 
setback  ratio  (d/b),  and  decreases  with  increasing  pressure  ratio 
(?o/Pa)- 

12.  The  results  of  this  study  indicate  that,  for  the  conditions 
tested,  the  maximum  lateral  thrust  for  the  minimum  injection  mass 
flow  required  to  thrust  vector  a  fluid  through  use  of  a  parallel 
secondary  injector  coanda-effect  nozzle,  occurred  between  a  setback 
ratio  (d/b)  of  U  «nd  5. 

13.  Noise  level  drops  of  fron  1  to  11  decibels  can  be  obtained 
by  the  secondary  injection  of  fluid  in  a  parallel  seoondary  injector 
coanda-effect  notsle. 

lU.  The  Jet  twitching  time  la  a  parallel  injector  coanda-effect 
nozzle  is  approximately  .001  seconds. 

1?.  The  naan  pressure  in  the  separe ti on-bubble  in  parallel  In¬ 
jector  coanda-effect  nozzles  can  be  found  by  using  the  foreula 
Pr  ■  N  -  lj  ♦  1,  where  N  ■  0.6$. 
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VII.  Recommendations 

1.  Construct  a  two -dimensional  parallel  secondary  injector 
coanda-effect  nozzle  with  variable  mass  flow  rate  secondary  injectors 
so  that  an  extension  of  the  results  presented  in  this  study  into  high 
Mach  number  regions  could  be  made,  and  so  a  matching  of  the  entrain¬ 
ment  requirements  on  the  boundary  of  the  main  jet  could  be  made. 

2.  Perform  an  investigation  to  analytically  determine  the  value 
of  the  recompression  coefficient  N,  and  to  further  examine  the  flow 
in  the  secondary  separation  region  reported  in  this  study. 

3.  Utilize  strain  gauge  instrumentation  to  measure  lateral 
thrust  of  coanda  nozzles. 
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Appendix  A 
Flow  Photographs 

The  schlieren  and  interferons  tax  photographs  poilecteA  in  this 
- — appendix  were  taken  during  the  conduct  of  tide  study. 
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Perpendicular  Injection  Sequence  -  Right  to  Left 

Pig.  10 

Thrust  Vectoring  Sequencei  Interferometer,  d/b  »  h,  P^/P*  ■  3.20 
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Parallel  Injection  Sequence  -  Left  to  Right 


fig.  13 

Thrust  Vectoring  Sequences  Schlieren,  d/b  ■  Uj  P</Pa  ■  2.89 

*1 
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Parallel  Injection  Sequenoe  .  Right  to  Left 
Pig.  16 

Thrust  Vectoring  Sequence)  Interferometer,  d/b  •  P©/Pe  ■  3.39 
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Phrollol  Injoctioc  Soquonco  -  Right  to  Loft 
Fig.  17 

Thrust  Voctoring  Soquoncet  Schlioron,  d/b  »  5}  P<>/Pa  »1.86 
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Parallel  Injection  Sequenoe  -  Right  to  Left 


Rg.  18 

Thrust  Vectoring  Sequencsi  In tar far one tar,  d/b  ■  ?o/Pa  - 
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Parallel  Injection  Sequence  -  Right  to  Left 
Pig.  19 

Thrust  Vectoring  Sequence:  Schlieren,  d/b  »  P</^e  "  *.20 


6k 


i'h. 
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Parallel  Injection  Sequence  -  Left  to  Right 
Pig.  2k 

Thrust  Vectoring  Sequence:  Interferometer ,  d/b  -  6;  P</P*  ■  1.87 
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Parollel  Injeotion  Sequence  -  Right  to  Loft 


Fig.  26 

Thrust  Vectoring  Sequencot  Inter feroneter,  d/b  •  6}  P<>/Pa  -  2.22 
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Parallel  injection  Sequence  -  Right  to  Loft 


Fig.  27 

Throat  Vectoring  Sequence t  Schlieren,  d/b  ■  6;  Po/Pa  •  2.35 


Fig.  28 

Thrust  Vectoring  Ssquencs:  Intsr f srooMtsr ,  d/b  -  6)  P^Pa  •  2.3$ 
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Parallel  Injection  Sequence  -  Right  to  Laft 
Fig.  32 

Thrust  Vectoring  Sequence!  Interferoneter,  d/b  •  7j  PC'P-  -1.87 
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Thrust  Vectoring  Sequence:  Schlieren,  d/b  -  7;  P^/P*  *1,90 
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Pig.  3U 

Thrust  Vectoring  Sequence:  Interferometer,  d/b  -  7;  P©/Pm  »  1.90 
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Expanded  Flow  S«qu«nc«i  3chll«r«n,  d/b  ■  U;  P^/Pa  -  6.05 
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n  g.  36 

Expanded  Plow  Sequence*  Interferometer,  d/b  »  U,  P</P*  *  6.0$ 
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Appendix  B 
Plotted  Data 


All  of  the  plotted  data  referenced  in  the  body  of  this  report 
have  been  collected  in  this  appendix. 
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G  Brfu*  Injection  Q  -  Btfore  Injection 


A  .  Utter  Injection  O  -  After  Injection 


Hg«  37  Xoiee  Octave  Bend  Level i  d/b  •  leg  ■  1.86 
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A  -  After  Injection  O -  After  Injection 


fig.^  Volee  Octere  Bnd  Level t  d/b  -  5  j  P^'P*  -  2,20 


QAM  65A/ME/65-7 


140 

130 

at 

1 

2 

^  120 

d 

hi  ■  in 

OCTAVf  PASS  IANOS  IN  CYCUS  Mi  JfCONO 

sn  —  1i  —  110  —  300  —  400—1100  —  MOO  —  4000  —  «0M 

- 

- 

:  d 

-  - 

r  £ 

j  - 

-  - 

-  p 

£  : 

-  - 

:  d 

l 

£  £ 
- 

- 

:  H 

£  : 

- 

\  \ 
— 

— 

—  — 

-  — 

- 

—  — 

—  -I 

- 

-  - 

- 

p  5 

~ 

r  £ 

£  £ 

£  £ 

-  d 

- 

w 

i 

ct  ilU 

CO 

Q 

Z 

_j 

- 

-  - 

l  r 

— 

-  - 

J 

1 

n 

: 

l 

!> 100 
_< 

Q 

Z 

< 

“  90 
> 

§ 

BO 

-7  r* 

- 

-i 

-  - 

—  - 

1 

n 

t  : 
P  : 

:  : 

—  — 

L 

H 

- 

n 

u 

—  - 

| 

■ 

§j 

1 

:  i 

l _ i 

=  /  = 

n 

y 

f] 

—  — 

i  i 

• _ ^ 

\  l 
_ 

_ 

i  ^ 

» 

|  f  v—i - 1 — j 

1 

OVH 

Pis 

rrrxrw— ■ - 1 - 1  i — i  •  ■  ■  i - t  i - •  i — i — r-m - 

r  “  it*  t  i 

100  1000  10000 
ULL  FREQUENCY  IN  CYCLB  PR  SECOND 

O-  Before  Injection  D-  Before  Injection 

A  -  After  Injection  O  -  After  Injection 

M*3  Notee  Octave  Bend  Level  t  d/b  ■  5  j  Pc/P#  -  2.60 

89 


OCTAVE  BAND  LEVEL  IN  DB  RE 


QAM  6;A/W/6>'-7 


O-  Baforc  Inaction  O*  *,fop#  Injection 
A  -  After  Injection  O -  After  Injection 
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Test  Nozzle  Dimensions 
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Diverging  Block  Dimensions 
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